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Abstract--The effect of pH on the flocculation-dispersion behavior of noncrystalline aluminum and iron 
oxides, kaolinite, montmorillonite, and various mixtures of these materials was investigated. The clays 
were Na- or Ca-saturated and freeze-dried before use. Critical coagulation concentrations (CCC) of all 
materials and mixtures were found to be pH dependent. The A1 oxide was flocculated at pH >9.5 and 
the iron oxide was flocculated between pH 6.0 and 8.2; i.e., flocculation occurred at pHs near the point 
of zero charge (PZC). The CCC of both the Na- and Ca-clay systems increased with increasing pH. The 
effect of pH was greater for the Na-kaolinite (flocculated at pH 5.8 and having a CCC of 55 meq/liter at 
pH 9.1) than the Na-montmorillonite system (having a CCC of 14 meq/liter at pH 6.4 and a CCC of 28 
meq/liter at pH 9.4). A 50/50 mixture of Na-kaolinite and Na-montmorillonite behaved more like 
montmorillonite (having CCCs of 13 and 33 meq/liter at pH 6.2 and pH 9.0, respectively). The presence 
of either noncrystalline oxide decreased the CCC over that of the clay(s) alone; the decrease occurred at 
pHs >7 for AI oxide and at pHs >6.5 for Fe oxide. Aluminum oxide produced a greater decrease in 
CCC than Fe oxide, especially at pHs > 8. The effect of each oxide on CCC was greatest near the PZC, 
9.5 and 7.2 for A1 and Fe oxide, respectively. 
Key Words--Aggregation, Aluminum oxide, Critical coagulation concentration, Dispersion, Flocculation, 
Iron oxide, Kaolinite, Montmorillonite. 

I N T R O D U C T I O N  

Reductions of soil permeability and loss of soil struc- 
ture are often due to high sodium concentrations on 
the soil exchange complex. Soil texture, clay miner- 
alogy, and salt concentration of irrigation water influ- 
ence the sensitivity of soil structure to the adverse effect 
of Na ions (Shainberg and Letey, 1984); however, con- 
sideration of these variables has not yet resulted in a 
quantitative prediction of this effect. Additional factors 
such as solution pH and soil a luminum and iron oxide 
content, apparently, must  also be considered. 

Many pure clay mineral-solution systems have been 
studied under laboratory conditions. These studies are 
relevant to soil systems because migration of dispersed 
clay in irrigation water leads to plugging of soil pores 
and reduced soil permeability (Frenkel et al., 1978). 

The dispersion of Na-saturated systems has been 
studied previously; however, research is needed to es- 
tablish the effect of the pH variable on clay mineral 
dispersion of Ca-saturated systems and clay mixtures. 
Although much is known about the interaction of A1 
and Fe oxides with clay minerals, the role of pH in 
these reactions has been ignored almost completely. 
Many of the discrepancies between previous studies 
regarding the ability of A1 and Fe oxides to reduce 
swelling of soils and promote flocculation of clays ap- 
parently exist because the experiments were carried out 
at different pHs. 

The present investigation was therefore undertaken 
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to determine the effect of pH on the flocculation-dis- 
persion behavior of kaolinite, montmorillonite, and a 
50/50 mixture of these clays. The effect of 2% and 10% 
noncrystalline A1 and Fe oxide sols on the flocculation- 
dispersion behavior of the clay systems was also ex- 
amined. 

BACKGROUND 

Flocculation values for phyllosilicates are available 
(see, e.g., E1-Swaify, 1976). The flocculation value or 
critical coagulation concentration (CCC) is the mini-  
mum concentration of an electrolyte required to cause 
flocculation of a given colloidal dispersion in a given 
time (van Olphen, 1977). Conversely, if the salt con- 
centration is below the CCC, dispersion occurs. CCC 
values for Na-montmorillonite range from 7 to 20 meq/ 
liter NaC1 (Arora and Coleman, 1979), and those for 
Ca-montmorillonite range from 0.17 meq/liter (van 
Olphen, 1977) to 0.25 meq/liter CaC12 (Greene et al., 
1978; Oster et al., 1980). For Na-kaolinite CCC values 
range from 0 to 5 meq/liter NaC1; however, Ca-ka- 
olinite is stable even in distilled water (Arora and Cole- 
man, 1979). 

Effect o f  p H  on flocculation-dispersion 
behavior o f  clays 

The flocculation-dispersion behavior of phyllosili- 
cares (Swartzen-Allen and Matijevic, 1976; Arora and 
Coleman, 1979) and two arid-zone soils (Suarez et al., 
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1984) has been found to depend on pH. Arora and 
Coleman (1979) found that in electrolyte solutions of  
NaC1 at pH 7.0, NaHCO3 at pH 8.3, and NaECO 3 at 
pH 9.5 the CCC for most  of  the Na-clays studied was 
highest in the NaHCO3 solution; however, interpre- 
tation of  these data is difficult because pH was not  
measured in the presence of  the clays. Swartzen-Allen 
and Matijevic (1976) found that the CCCs for both Na- 
montmori l loni te  and Na-kaolini te  in NaNO3 solution 
increased with increasing pH from 1 meq/l i ter  at pH 
3.8 to l0 meq/l i ter  at pH 10 and from 2 meq/l i ter  at 
pH 4.1 to 40 meq/l i ter  at pH 10.1, respectively. Thus, 
the pH effect was much greater for Na-kaolinite.  Suarez 
et aL (1984) found that hydraulic conductivity of  two 
arid-zone soils containing mixtures of  clays decreased 
from pH 6 to 9; dispersion increased with increasing 
pH for both the predominant ly  kaolinitic and the 
montmori l loni t ic  soil. These authors suggested that  the 
pH effect in their soils was due to the presence of  vari- 
able charge minerals and organic matter. At  low pHs 
these materials were posit ively charged and bonded to 
the negatively charged faces of  the phyllosilicates. At  
high pHs, however, they underwent charge reversal, 
contributed negative charge to the system, and thereby 
increased dispersion of  the system. 

The predominant  variable charge minerals in soils 
are the noncrystalline and crystalline Al and Fe oxides 
(Bohn et al., 1979). These materials exhibit a point  of  
zero charge (PZC) at pH 6 to 9 (see Table 2 of  Kin- 
niburgh and Jackson, 1981). For  the phyllosilicates, 
PZCs are much lower due to the presence o f  permanent  
negative charges. The PZCs of  kaolinite clays are at 
pH 2.8 to 4.8 (see, e.g., Tschapek et al., 1974), whereas 
the PZC of  montmori l loni te  is so low that it  cannot be 
measured without dissolving the material  (Sposito, 
1984). Variable charge is located at the edges of  phyl- 
losilicate particles. The PZC of  the edge surfaces of  
kaolinite ranges from pH 7.3 (Rand and Melton, 1977) 
to 7.8 (Michaels and Bolger, 1964). 

Effect o f  oxides on flocculation-dispersion 
behavior o f  clays 

The stabilizing effect on soil structure produced by 
the presence of  A1 and Fe oxides was demonstrated by 
Deshpande et al. (1964), E1 Rayah and Rowell (1973), 
and Shanmuganathan and Oades (1982). After depos- 
iting A1 and Fe oxides onto dispersed and aggregated 
soil samples, El Rayah and Rowel1 (1973) found greater 
permeabili t ies for hydroxide-treated than for untreated 
soils. Aluminum hydroxide-treated soils were more 
stable than iron hydroxide-treated soils. By precipi- 
tating A1 and Fe oxides onto air-dry aggregates of  Aus- 
tralian soils, Deshpande et al. (1964) found that A1 
oxide reduced swelling but  Fe oxide did  not. They 
concluded that A1 oxide was acting as a cement  and 
that  Fe oxide was present as discrete particles. 

Interactions of  phyllosilicates with A1 and Fe oxides 
have been studied extensively. McAtee and Wells 
(1967), for example, found that the addi t ion ofgibbsite 
produced flocculation at an oxide : clay ratio of  0.009: 
1 for kaolin and 0.5:1 for Wyoming bentonite. They 
observed that gibbsite was adsorbed on the edges o f  
kaolin and on the basal surfaces o f  bentonite. Because 
the Wyoming bentonite redispersed at oxide addit ions 
greater than the flocculation value, McAtee and Wells 
(1967) concluded that the bentonite particles had ac- 
quired a posit ive charge from large amounts  of  oxide 
adsorption. Transmission electron micrographs veri- 
fied that the clay particles were coated with gibbsite. 

Greenland (1975) found little interaction between 
goethite precipitated at pH 8.5 and a kaolinite surface. 
He also found that at pH 3 lepidocrocite had precip- 
itated on the kaolinite surface in needle-shaped clusters 
and cemented the clay crystals into larger particles. 
F rom studies of  the extent of  aggregation produced in 
dispersions of  kaolin and bentonite exposed to ferric 
chloride solutions, Blackmore (1973) reported that fer- 
ric chloride was an effective cementing agent for ben- 
tonite, but was much less effective for kaolin. Effec- 
tiveness of  aggregation was decreased markedly when 
clay was added later than 2 min after the start of  ferric 
chloride hydrolyzation. At  that point, the aggregates 
formed were not homogeneous but  visibly a mechan- 
ical mixture of  clay and oxide (Blackmore, 1973). Ag- 
gregation was improved  with increasing oxide content 
to as much as 50%. 

By adding Al and Ire hydroxides into a clay disper- 
sion, onto clay aggregates, or onto oriented clay flakes, 
E1 Rayah and Rowell (1973) showed that the presence 
of  A1 or Fe hydroxide reduced clay swelling at all elec- 
trolyte concentrations and lowered the electrolyte con- 
centration at which dispersion began. A1 hydroxide was 
more effective than Fe hydroxide in preventing swell- 
ing and dispersion (El Rayah and Rowell, 1973). Fren- 
kel and Shainberg (1980) found that A1 polymers could 
stabilize montmori l loni te  suspensions against the ad- 
verse effects of  Na  ions better than could Fe polymers. 
Moreover,  Oades (1984) found A1 polymers to be more 
efficient than Fe polymers in reducing the swelling of  
montmoril lonite.  He suggested that this difference was 
a result of  polymer  morphology. Aluminum polymers 
occur as sheets and can therefore neutralize clay layer 
charge more completely than can the spherical Fe poly- 
mers. Alperovitch et al. (1985) found that the presence 
of  both A1 and Fe polymers reduced the adverse effect 
of  Na ions on the hydraulic conductivity of  columns 
containing a montmori l loni te-sand mixture. 

MATERIALS A N D  METHODS 

Material preparation 

Samples o f  a Ca-montmori l loni te  from Cheto, Ari- 
zona (SAz-1) and a well-crystallized kaolinite from 
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Table 1. Critical percent transmittance (%T) values for clays, oxides, clay mixtures, and clay-oxide mixtures. 

+ 2 %  AI + 10% AI + 2 %  Fe + 10% Fe 
Pure oxide oxide oxide oxide 

Clay 
Na-montmorillonite 73 
Na-kaolinite 51 
Ca-montmorillonite 52 
Ca-kaolinite 39 
Na-montmorillonite-Na-kaolinite 50/50 49 
Ca-montmorillonite-Ca-kaolinite 50/50 40 

Oxide 
A1 oxide in NaC1 51 
A1 oxide in CaC12 51 
Fe oxide in NaC1 8.5 
Fe oxide in CaC12 12 

73 72 70 60 
51 51 48 47 
52 57 52 45 
39 40 53 45 
50 50 45 49 
40 47 50 45 

Georgia (KGa-1) were obtained from The Clay Min- 
erals Society's Source Clays Repository. X-ray powder 
diffraction (XRD) analysis indicated no impurities for 
the montmorillonite, but detected traces of vermiculite 
and feldspar in the kaolinite. The < 2-#m fraction of 
both clays was collected by sedimentation. To collect 
the kaolinite, the pH of the settling suspension was 
raised to 9.6 using NaOH to disperse the material. 
Subsamples of the < 2-~m fraction of both clays were 
saturated with Na, Ca, or Mg using 1 N NaC1, CaC12, 
or MgC12. The materials were washed free of C1- and 
freeze dried. 

Noncrystalline A1 and Fe oxide materials were pre- 
pared using a modification of the method developed 
by McPhail et al. (1972). For the A1 oxide synthesis, 
A1C13 was substituted for Al(NO3)3 and the shaking 
time increased to 15 min. For the Fe oxide synthesis, 
Fe(NO3) 3 and NaOH concentrations were doubled, and 
the water bath heating time was increased to 15 min. 
Each oxide was washed in deionized water and cen- 
trifuged three times. The Fe oxide was amorphous to 
X-rays, but the AI oxide contained traces of gibbsite 
and bayerite. Suspension density was determined by 
drying a known volume of oxide suspension to constant 
weight. Prior to use, each suspension density was re- 
duced to 1.0% (10.0 g solid/liter) by adding deionized 
water. 

Critical coagulation concentration determinations 

The CCC is herein defined as the salt concentration 
at which percent transmittance (%T) corresponds to 
20% of the solids remaining in solution after 3 hr. CCCs 
were measured for the above materials and mixtures 
in the pH range 5.5 to 9.5. The same CCC procedure 
was used in all parts of this study. Solutions (7 ml) of 
different salt concentrations were pipeted into ten 10- 
ml spectrophotometer cuvettes. Solutions of NaC1, 
CaC12, or MgC12 were used to match the cation satu- 
ration of the clay(s). 

A 1.0% suspension of pure clay, mixed clay, oxide, 
or clay-oxide mixture was added to a 50-ml polypro- 

pylene centrifuge tube and shaken for 5 min. The clay 
suspensions were prepared by combining 100 mg of 
clay with 10.0 ml deionized water. For the Ca- and 
Mg-saturated clays and clay mixtures, it was necessary 
to sonicate the suspension for 15 s at 75-85 watts prior 
to shaking. The 1.0% clay mixtures consisted of 50% 
montmoril lonite and 50% kaolinite clay. Subsamples 
of the 1.0% A1 and 1.0% Fe oxide suspensions were 
diluted with deionized water to produce 0.2% oxide 
suspensions (2.0 g solid/liter solution). It was necessary 
to sonicate the Fe oxide suspension for 15 s at 75-85 
watts prior to shaking. The 2% clay-oxide suspension 
was prepared by combining 98 mg of clay(s), 9.0 ml 
of deionized water, and 1.0 ml of 0.2% oxide suspen- 
sion. The 10% clay-oxide suspension was prepared by 
combining 90 mg of clay(s), 9.0 ml ofdeionized water, 
and 1.0 ml of 1.0% oxide suspension. 

The suspensions of clays, clay mixtures, and clay- 
oxide mixtures were prepared just prior to use. For the 
Na systems, the pH was adjusted by adding small vol- 
umes (<0.2 ml) of 0.1 N HC1 or NaOH to the 1.0% 
suspensions prior to shaking. For the Ca and the Mg 
systems, the pH was adjusted by adding HC1, Ca(OH)2 , 
or Mg(OH)2 to the salt solutions prior to pipeting into 
the cuvettes. The amounts of Na, Ca, Mg, or H used 
in pH adjustment were included in the CCC calcula- 
tions. 

A 0.50-ml aliquot of the 1.0% clay, clay mixture, 
oxide, or clay-oxide mixture was pipeted into each 
cuvette containing the salt solution. The cuvettes were 
sealed with Parafilm, mixed on a vortex mixer for 15 
s, and allowed to settle. After 3 hr, the %T of each 
cuvette was read at 420 nm wavelength. Deionized 
water was used as the 100%T blank. 

Before determining the CCC for each system, the 
%T corresponding to 20% of the solids remaining in 
solution was established. This "critical %T" was es- 
tablished for each clay, clay mixture, oxide, and clay- 
oxide mixture and is indicated in Table 1. The pHs of 
the suspensions were measured near the critical %T. 
For calculating the CCC and the corresponding pH for 
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Figure 1. Critical coagulation concentrations of A1 oxide-clay(s) mixtures: (a) Na-montmorillonite, (b) Na-kaolinite, (c) Na- 
montmorillonite-kaolinite 50/50, (d) Ca-montmorillonite, (e) Ca-kaolinite, (f) Ca-montmorillonite-kaolinite 50/50. The Na 
systems (a-c) were determined in NaC1 solution. The Ca systems (d-f) were determined in CaC12 solution. 

each run, a linear relationship was assumed between 
the two data points bracketing the critical %T. 

To verify the validity of%T light transmittance mea- 
surements for the study of clay mixtures, the clay min-  
eralogy of the resultant flocs was analyzed directly. 
Proportions of kaolinite and montmoril lonite in the 
flocs at the CCCs were determined by quantitative XRD 
analysis using peak areas. These proportions were com- 
pared with those obtained from XRD peak areas of 
equivalent mechanical mixtures of the two minerals. 
The XRD analysis of each mixture was carried out in 
triplicate. The percentages of montmoril lonite in the 
flocs are provided in column 4 of Table 3. These direct 
measurements show that the mineral proportions in 
the flocs are almost identical to those in the initial 
solutions, clearly indicating that the mixed systems are 
interacting and flocculating as mixtures. 

Additional material characterization 
Particle-size distributions of the AI and Fe oxides 

were determined by sedimentation using a Horiba 
CAPA 300 particle size analyzer. All A1 oxide particles 
were < 1 #m, and 93.5% were <0.5 #m in size. For 
the Fe oxide, all particles were < 10 #m, 81.8% were 
<2 #m, 42.3% were < 1 #m, and 14.9% were <0.5 #m 
in size. The median diameter was 0.16 #m for the AI 
oxide and 0.88/~m for the Fe oxide particles. 

For the A1 and Fe oxide materials, the PZC was 
determined by microelectrophoresis using a Zeta-Me- 

ter 3.0 system. The electrophoretic mobility of sus- 
pensions containing 0.01% A1 or Fe oxide in 0.001 N 
NaCI was determined at various pHs. The PZC was 
obtained by interpolating the data to zero electropho- 
retic mobility; PZC occurred at pH 9.5 for A1 oxide 
and at pH 7.2 for Fe oxide. 

RESULTS AND DISCUSSION 

CCCs for all clay, mixed clay, and clay-oxide systems 
at all pHs investigated are given in Table 2. The effect 
ofpH on the flocculation ofmontmoril lonite,  kaolinite, 
and a 50/50 mixture of these clays is indicated in Fig- 
ures 1 and 2. The CCCs for kaolinites are much more 
pH dependent than those for montmorillonites. This 
difference was observed by Swartzen-Allen and Ma- 
tijevic (1976) for Na-montmoril lonite and Na-kaolin- 
ite and is due to the greater proportion of pH-depen- 
dent charge of kaolinite. The CCCs for the 50/50 
mixtures are about the same as those for the mont-  
morillonites. The presence of kaolinite was expected 
to decrease the CCCs of the montmorillonite-kaolinite 
mixtures at pHs less than its edge PZC; however, this 
effect was slight because the charge density of kaolinite 
per gram is much less than that of montmorillonite. 
At pHs greater than its edge PZC, no focculating effect 
of kaolinite was found. The CCCs for the 10/90, 25/ 
75, and 50/50 mixtures of montmoril lonite and ka- 
olinite (Table 3) demonstrate that even small amounts 
of montmoril lonite can deflocculate kaolinite. This el- 
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feet is much greater than merely a percentage-weighted 
average, especially for the Na system. Precise inter- 
pretation of these data is difficult because of the vari- 
ation in pH. The flocculation behavior of Mg-mont- 
morillonite is not significantly pH dependent (Table 
2). The drop in CCC of some of the Ca systems at pH 
> 9 may have been due to charge neutralization and 
aggregation resulting from precipitation of CaC03 on 
the clay particle surfaces. 

Table 4 lists CCCs for A1 and Fe oxides in contact 
with solutions of NaC1 or CaCI2 at different pHs. The 
materials coagulated in a broad region around their 
PZC value (pH 9.5 for AI oxide and pH 7.2 for Fe 
oxide). It is reasonable that less salt is required to floc- 
culate the materials when they have lower charge den- 
sity. Similarly, Yopps and Fuerstenau (1964) reported 
that coagulation was most rapid near the PZC. In the 
CaC12 solutions, the CCC minima shifted to higher 
pHs. This behavior was probably due to specific Ca 
adsorption which shifted the PZC of oxide minerals 
(Huang and Stumm, 1973). The lack of increase in CCC 
of the Fe oxide system in the CaC12 solution at pH >9 
may have been due to CaCO 3 precipitation on the oxide 
panicles. 

The effect of the presence of A1 or Fc oxides on CCCs 
(Table 2) of the clays and clay mixtures as a function 
of pH is indicated in Figures 1 and 2. The presence of 
oxides in the montmoril lonite systems (Figures 1 a, 1 d, 
2a, and 2d) reduced the CCCs of the mixtures below 

the CCC of montmoril lonite alone. The ameliorative 
effect on flocculation was greater for A1 oxide than for 
Fe oxide. An addition of 2% Fe oxide had no effect on 
the CCCs of Na-montmorillonite.  The decrease in CCC 
when A1 oxide was added was such that the CCCs for 
some of the mixtures were lower than those for either 
material alone. The CCC reductions were greater for 
the 10% than for the 2% oxide additions. The same 
amount  of oxide material was a more effective floc- 
culant in the Ca systems than the Na systems. Inas- 
much as Ca-montmoriUonite occurs as tactoids, not as 
single particles like Na-montmorillonite (Shainberg and 
Letey, 1984), less charge is exposed and less oxide is 
required to neutralize the charge and thereby flocculate 
the system. 

The effect of oxides on the flocculation of the ka- 
olinite systems appears to be additive (Figures lb,  1 e, 
2b, and 2e); i.e., the CCCs of the mixtures are inter- 
mediate between those of the end-member  materials. 
At low pH all oxide-kaolinite mixtures exhibited high 
CCCs, with the exception of the Fe oxide-Na-kaolinite 
mixtures which exhibited high CCCs only at high pH. 
These CCC increases of the mixtures correspond to 
increases in the CCC of A1 oxide and Na-kaolinite, 
respectively. The presence of A1 oxide apparently in- 
duced flocculation at pHs as high as 10, whereas Fe 
oxide was less effective at pH > 8. These results indicate 
that the oxide materials were most effective as floc- 
culants at pHs near their PZC. 
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Table 3. Critical coagulation concentrations (CCC) for clay 
mixtures. 

Montmorillonite- 
kaolinite CCC Montmorillonite in floc 

(%/%) (meq/liter) pH (% _+ o) 

Na system 
100/0 14.0 6.38 
50/50 13.2 6.17 48.0 _+ 1.27 
25/75 11.4 5.91 22.4 _+ 1.33 
10/90 2.33 5.71 8.5 +_ 0.13 
0/t00 <0.19 t 5.76 

Ca system 
100/0 1.09 6.13 
50/50 0.80 5.95 50.6 _+ 0.79 
25/75 0.37 5.82 23.1 _+ 0.74 
10/90 0.07 6.18 9.6 -+ 0.54 
0/100 <0.19 5.48 

The symbol < indicates coagulation at the concentration 
given which is the lowest salt concentration that could be 
achieved for that particular pH. 

The effect of  oxide addition on the CCCs of the 
montmorillonite-kaolinite 50/50 systems is apparently 
additive as well (Figures lc, If, 2c, and 21"). Here also, 
the CCCs of the mixtures are intermediate between 
those of  the clay(s) systems and the oxides. The CCCs 
of  the 50/50 clay mixtures in the presence of  oxides 
are intermediate between those ofmontmor inoni te  and 
kaolinite in the presence of  oxides, but closer to the 
CCCs ofmontmori l loni te .  The presence o f  2% A1 oxide 
in the Ca-50/50 systems and 10% A1 oxide in the Na- 
50/50 systems reduced the CCCs to less than those of  
either end-member  material. As in the Na-montmo-  
rillonite system, the presence of  2% Fe oxide had no 
effect on the CCC of  the Na-50/50 system; the same 
amount  of  oxide was more effective in coagulating the 
Ca system than the Na system, and the A1 oxide was 
a more effective flocculant than the Fe oxide. The Ca- 
50/50 mixture was less stable at low pH in the presence 
of  the larger amount  of  A1 oxide. This effect was likely 
due to an excess of  positive charge from both the oxide 
mineral and the edges of  the kaolinite particles. 

S U M M A R Y  A N D  CONCLUSIONS 

Critical coagulation concentrations of  all clays, clay 
mixtures, oxides, and oxide-clay(s) mixtures were found 
to be pH dependent. The pH dependence for kaolinite 
was greater than that for montmoril lonite,  with the 50/ 
50 mixture behaving more like montmorillonite.  The 
same amount  of  oxide material was more effective in 
promoting flocculation in the Ca system than in the 
Na system. The ameliorative effect of  A1 oxide was 
greater than that of  Fe oxide, probably because of  the 
size and the morphology of  the oxide particles. The A1 
oxide material consisted o f  a greater proportion o f  sub- 
micrometer-size particles and would therefore possess 
a higher charge density than the Fe oxide material. As 
suggested by Oades (1984), the AI oxide sheets were 

Table 4. Critical coagulation concentrations (CCC) for ox- 
ides. 

CCC CCC 
in NaCI in CaCt2 

Solid (meq/liter) pH (meq/liter) oH 

A1 oxide 292 5.28 
69.1 5.74 82.3 6.10 

9.53 6.44 22.1 6.85 
2.66 8.13 3.24 7.69 

<0.601 9.54 <0.70 9.02 
<0.87 10.04 

Fe oxide 4.45 5.57 
0.52 5.88 4.52 5.87 

<0.13 5.98 <0.08 6.74 
<0.09 7.58 c 2 7.74 
<0.07 8.24 <0.20 8.18 

1.37 8.80 <0.25 8.28 
2.14 9.08 
2.64 9.17 <0.45 9.18 
3.90 9.44 <0.51 9.40 

The symbol < indicates coagulation at the concentration 
given which is the lowest salt concentration that could be 
achieved for that particular pH. 

2 Coagulated in distilled water. 

apparently better able to neutralize charge than the 
spherical Fe particles. The PZC of  noncrystalline AI 
oxide was found to occur at a higher pH than that of  
noncrystalline Fe oxide. Because the reduction in CCC 
was greatest near the PZC value of  the oxide material, 
the A1 oxide material was more effective at high pHs. 

This research indicates that small amounts of  non- 
crystalline A1 or Fe oxides may greatly improve the 
flocculation of  clay systems and that A1 oxide is not 
only more effective than Fe oxide, but effective over a 
greater pH range. The role of  A1 and Fe oxides in 
stabilization of  arid zone soils under conditions o f  vari- 
able pH should now be investigated. 
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